Abstract and Suimiary.-A new bacteriophage species, designated F22, was isolated from phage P22 stocks grown on Salmonella typhimurium Q1 lysogenic for Fels 2 at a frequency of less than 10-11. P22 has a very short tail with a hexagonal base plate and six spikes. Phage Fels 2 is morphologically similar to E. coli T-even phages, having a long tail with a contractile sheath and carrying no genetic region related to P22. Phage F22 is morphologically and serologically indistinguishable from Fels 2, but carries the c(ci, C2, anld C3) markers of P22. The color markers h121, g, and m3 of P22 do not appear in F22. Thus, 1F22 is evidently a recombinant between the unrelated bacteriophages P22 and Fels 2. The recombination between unrelated bacteriophages could play an important role in the evolution of bacteriophages.
We previously observed that the two distinct Salimonella phages P22 and Fels 1 can recombine at an extremely low frequency to evolve into the new phage species P22 1.1-3 In an effort to determine the significance of this type of recombination to the evolution of bacteriophage, we are attempting to reproduce this type of recombination using different bacteriophages.
The Salmonella phage P22 has a short tail with a hexagonal base plate but no contractile sheath. We found that many P22 stocks grown on Salmonella typhimurium LT-2 (abbreviated St herein) contain a small proportion, about 10-10, of long-tailed phage P221, with a thin flexible tail and no base plate.1 P22 and P221 carry homologous regions containing the markers c1, c2, and C3 and the color-indicator markers g and h2l.2 However, neither head nor tail antigens of P221 are related to those of P22. Thus, P22 and P221 are partially related genetically although unrelated serologically.1 Accumulation of our observations led us to the following conclusion: When P22 infects St, it multiplies independently of prophages but, on rare occasions, can recombine with a prophage designated Fels 1 (or its defective genome) to evolve into a new phage species, P221.3
Previous studies showed that the majority of P221 strains carry the c1, C2, C3, q, and h/21 markers of P22. Genetic mapping of the homologous region between P22 and P221 suggested that the length of the homologous region varies from strain to strain of P221.3 Recently, it was observed that the immunity (Im) marker of P22 was incorporated into the genomes of some P221 strains. Furthermore, a new P221 strain containing the C(Cl-C3) regions but lacking the g and h21 regions of P22 has been isolated. Thus, it is unequivocally concluded that P22 supplies various lengths of its genetic segment to form a variety of P221 types. These findings are summarized in Figure 1 .
It was believed that serologically and morphologically unrelated bacterio- (2) those that are sensitive to P221, Fels 1, Fels 2, and E22 (only 3). Strain Q1/22 no. 1 belongs to the former type and Qi /22 no. 11 belongs to the latter type. Q1 22 no. 11 was used throughout this study, and the no. 11 is omitted for convenience. Bacterial strains lysogenic for Fels 2, F22, and P22: Q1 (Fels 2), Q1/22(Fels 2), Q1(F22), and Q1(P22) were prepared for this study.
Media: Buffered saline, media, and color-indicator agar have been described previously.7 VOL. 62, 1969 GENETICS: N. YAMAMOTO 65 Methods: The PTA negative-staining technique for electron microscopy and method for preparation of antisera have been described previously.'
Results.-The occurrence and isolation of F22 phage: When about 3 X 1011 P22 particles previously grown on Qi (Fels 2) were plated on Q1/22(Fels 2), a few small plaques were observed. This small plaque-former was designated F22 phage. Among 40 P22 stocks tested, seven stocks produced detectable amounts of F22. Thus, the frequency of F22 in the P22 stocks was less than 10-11. As we expected, all attempts to isolate F22 from P22 grown on Qi were unsuccessful.
As shown in Table 1 , F22 forms plaques on Q1/22 and Q1/22(Fels 2), whereas (Fig. 2a) . Phage F22 is morphologically similar to E. coli phage T-even, having a stiff tail with a contractile sheath and tail fibers (Fig. 2d and e) . The F22 particles have heads about 550 A diameter and long tails about 1100 A long and 200 A thick, with cores about 85 A thick and contractile sheath. This F22 particle is morphologically indistinguishable from Fels 2 ( Fig. 2b and c) T i s . . . . . . . . . . . . . . . . . | . a W . . . . . . . . Since F22 has the protein coat of Fels 2 and seems to carry the c markers of P22, it may be concluded that F22 is a recombinant between P22 and Fels 2.
The growth of phage F22: Phage P22 grows very rapidly, with a burst size of about 1000 and a latent period of 30 minutes, whereas phage Fels 2 grows slowly, with a burst size of 30 and a latent period of 55 minutes. A hybrid of these phages, F22, grows very poorly, with a burst size of 15 and a latent period of 70 minutes. Thus, the plaque size of F22 is extremely small and it is very difficult to study any of the plaque morphology markers except c markers.
Recombination found in the lysate of the mixed infection of Qi with P22 and F22: When Qi was mixedly infected with P22 and F22, recombinants within c regions were found. However, the color-indicator markers 9, h2l, and m3 of P22 were not transferred to F22. This indicates that F22 carries the c(c,-c3) markers but not the color-indicator markers (g, hki, and m3) of P22. The frequency of the total recombinants found in the lysate of the mixed infection was very low, only about 0.03 per cent. This low frequency of recombination between serologically unrelated phages may be due to partial exclusion, possibly by different adsorption efficiencies to the host bacteria, different injection periods, or different latent periods. 2' 7 In addition to recombination, the mixed infection produced genomic masked particles, that is, particles carrying P22 genomes in F22 capsids and F22 genomes in P22 capsids. An analogous situation between P22 and P221 was previously observed.' Details of the above observation and related phenomena will be described elsewhere. 8 Identity of the c markers of P22 and F22: As shown in Table 1 , F22 can form plaques on Q1, Q1/22, Q1(Fels 2), and Q1/22(Fels 2). Whatever the bacterial host strain on which the F22 phage are grown, all c markers of the F22 strains appear to correspond to those of the P22 strain in which F22 was found; F22 strains derived from P22ci, P22c2, and P22c3 produced clear plaques, whereas those derived from P22c+ produced turbid plaques. This suggests that the c markers of the F22 strains originated from the P22 genome. Therefore, the same designations, cl, C2, c3, and c+, are used for the corresponding P22 and F22 strains.
In order to confirm the identity of the c markers in P22 and F22, complementation for the c markers7 should be tested. However, since F22 grows extremely slowly whether on nutrient agar or in nutrient broth, the preparation of hightiter stocks of F22 for spot tests is very difficult; the numbers of simultaneous multiply infected host cells with two F22 phages in the spotting area of the complementation plate were not sufficient to show complementation. Thus, all attempts to demonstrate complementation were unsuccessful.
With our previous procedure,' c markers in F22 were recovered in P22 recombinants by mixed infection of S. typhimurium Q1 with P22c+ and F22c. The recovered c marker in P22 was easily identified by complementation test with other known c markers of P22. In this manner we demonstrated that F22 always has the same c(c,-c3) markers as the P22 strain which gives rise to it. Thus, it is unequivocally concluded that F22 carries the c region of P22 phage (Fig. 3) . Lysogenic A similar finding on immunity response between P22 and P221 was reported.3 Recently, a new F22 type designated F22dis was isolated. As shown in Table 2 , F22dis confers immunity to the bacteria against P22 and is capable of growth on Q1(F22). Thus, P22 and F22dis are coimmune with each other. These results imply that F22dis carries the Im marker3 of P22 in addition to c regions. Since Q1 (P22) is immune to F22, it may be suggested that the immunity consists of two functions (genes); one is Im and the other may lie in the c regions. Furthermore, the genetic homology between P22 and F22dis is longer than that between P22 and F22. This observation and our previous finding on P2213 are consistent with our hypothesis that the length of the homologous region between the hybrid and the parent varies from strain to strain of the hybrids.
Superinfection and recombination: As mentioned in the preceding section, P22 superinfects Q1 (F22). When clear plaque-forming mutants of P22 phage, P22c2, were plated on Q1 (F22), about 0.2 per cent of turbid plaques (c+) was observed. Since it is well established that this P22c2 never reverts to wild-type P22c+,6 the formation of c+ plaques must be due to recombination between the superinfecting phage P22c2 and the prophage F22. When P22c2 was treated with ultraviolet and assayed on Q1(F22), a greatly increased frequency of turbid plaques (c+) was observed. Under optimal condition, the maximal c+ formation was about 6 per cent. The frequencies of recombinations found in the lysate of superinfection of Q1 (F22) with P22 are consistently 10-100 times higher than those found in the mixed infection. This may be explained by the fact that 100 per cent of the superinfected cells carry both phages. However, partial exclusion occurs in mixed infection, resulting in low frequency of doubly infected cells.
Since the superinfection produces a very high frequency of recombination although the phages are serologically and morphologically unrelated, the genetic homology of these phages was re-examined by determining the recombinants (Fig. 3) .
Discussion.-F22 does not grow well. Furthermore, we have isolated various "sick" P221 strains that grow very poorly and produce extremely low titers. Since both P221 and F22 are recombinants between P22 and genetically unrelated phages, their poor growth may be due to unbalanced regulation of growth of these hybrids.
These results also support the hypothesis that crossovers between unrelated phages may occur at various locations on unrelated genes. Thus, newly created species may contain nonfunctional regions by crossovers, and excess or less functions for phage replication. These should affect regulation of phage replication, resulting in the formation of sick phage.
In our previous study,2 we observed that Salmonella phages serologically related to P22 and capable of generalized transduction (PhlO, Ph22, Ph29, and Ph32) were capable of recombination with Fels 1, resulting in formation of P221-type phage. However, other Salmonella phages serologically related to P22, Ph4 and Phl9, which are not capable of generalized transduction, did not produce P221-type phage. Since a general transducing phage interacts with any unrelated portion of bacterial chromosome, our observation suggests that general transducing phages may efficiently interact with any prophage and any portion of the prophage genome to produce a new phage species. Although it is not known whether generalized transduction is an absolute prerequisite for recombination between unrelated bacteriophages, at least in cases where one partner is a generalized transducing phage, this type of recombination accelerates the evolution of bacteriophage.
